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ABSTRACT 
Scalable quantum photonic architectures demand highly efficient, high-purity single-photon 
sources, which can be frequency matched via external tuning. We demonstrate a single-
photon source based on an InAs quantum dot embedded in a micropillar resonator, which is 
frequency tunable via externally-applied stress. Our platform combines the advantages of a 
Bragg micropillar cavity and the piezo-strain-tuning technique enabling single photon 
spontaneous emission enhancement via the Purcell effect and quantum dot (QD) with tunable 
wavelength. Our optomechanical platform has been implemented by integration of 
semiconductor-based QD-micropillars on a piezoelectric substrate. The fabricated device 
exhibits spontaneous emission enhancement with a Purcell factor of 4.4±0.7 and allows for a 
pure triggered single-photon generation with g(2)(0) < 0.07 under resonant excitation. A 
quantum dot emission energy tuning range of 0.75 meV for 27 kV/cm applied to the piezo 
substrate has been achieved. Our results pave the way towards the scalable implementation 
of single-photon quantum photonic technologies using optoelectronic devices. 
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Bright sources of indistinguishable single photons are key components for advanced quantum 
optics applications such as quantum communication in repeater architectures1, boson 
sampling2, and linear optical quantum computing3. Among different kinds of quantum 
emitters, semiconductor self-assembled quantum dots (QDs)4 have been shown to be one of 
the prime candidates for the generation of single photons5,6 as well as entangled photon 
pairs7. However, since QDs are embedded in a high refractive index material, light extraction 
in a homogeneous semiconductor medium is strongly limited due to total internal reflection. 
Photon extraction can be significantly enhanced by embedding QDs into photonic structures 
such as photonic crystal cavities8, circular Bragg grating cavities9, microlenses10, nanowires11, 
microdiscs12 or micropillar cavities13,14. Among these architectures, QDs coupled to 
micropillar resonators have been shown to effectively utilize spontaneous emission 
enhancement via the Purcell effect15, allowing to simultaneously achieve very high degrees 
of single photon indistinguishability and high photon extraction efficiencies. The narrowband 
spectral enhancement provided by the pillar cavities mitigates the detrimental effects of the 
phonon sideband emission on the indistinguishability16,17 in contrast to broadband photonic 
structures. In combination with pulsed, resonant excitation schemes, single photon 
generation with simultaneous photon indistinguishability higher than 98%, purities above 
99% and extraction efficiencies close of 66% were reported, thus outperforming any other 
solid state system 5,6,18. 
 
The exploitation of the Purcell effect in high-Q cavities requires careful spectral alignment of 
the QD emission and the cavity resonance. This can be accomplished to some extent by 
deterministic fabrication of micropillar cavities19,20, but usually a post-fabrication reversible 
spectral fine-tuning is still required.  Spectral tuning is also critical for the implementation of 
identical multiple single-photon sources (SPSs), which can be operated within the spectral 
emission bandwidth (homogeneous broadening), and it seems unlikely that growing multiple 
QDs of exactly the same energy within the radiative linewidth will become possible. Thus, 
post-fabrication tuning of individual QD states to a common frequency seems to be the only 
realistic option. 
For these reasons, several approaches have been developed in order to tune the emission 
energy of self-assembled QDs: Reversible tuning methods, which are feasible to adopt with a 
micropillar cavity device involve temperature tuning20 as well as the application of external  
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electric21,22 and magnetic fields23.  Spectral control via temperature is rather inadvisable for 
high-performance SPSs since the increase of temperature causes phonon-induced 
decoherence and consequently loss of photon indistinguishability24,25. On the other hand, 
electric-field-based QD energy control in micropillar cavities has been successfully 
demonstrated18,21, however, electrical contacting is rather challenging due to the difficulties 
in fabricating reliable metal-semiconductor contacts compatible with resonant optical driving 
due to the undesired laser scattering from the metal surfaces. 
Recently, strain tuning induced by integrated piezoelectric actuators has been successfully 
employed as a reliable and powerful tuning knob to control the optical properties of QDs26–
30. Strain tuning allows for control of QD emission energy31, polarization32, exciton fine 
structure27 or even light-hole admixture while maintaining high QD coherence33. Thus far, 
strain-tuning of QDs was mostly implemented in planar heterostructures33,34 and broadband 
photonic structures providing no or only modest Purcell-enhancement to improve the photon 
extraction and indistinguishability. It was further utilized in different photonic structures, 
including nanowires35,36, photonic crystal cavities30,37,38, microlenses39, and QDs integrated 
into photonic circuits40, which were optimized for in-plane coupling. However, the 
implementation of a strain-tunable, resonant cavity platform, such as a micropillar, that 
directly utilizes the Purcell-enhancement for the implementation of a highly efficient single-
photon source, has remained elusive. 
In this work, we present the successful implementation of such a coupled QD-micropillar 
cavity platform integrated onto a piezoelectric actuator. By externally applied stress, we can 
tune the energy of QD transitions through the optical resonances of the microcavity, yielding 
a strong enhancement of spontaneous emission due to the Purcell effect and making it 
possible to characterize the system under various QD-cavity detuning. 
 
 
DEVICE DESIGN AND FABRICATION  
Our devices are based on epitaxially grown self-assembled In(Ga)As QDs, embedded in a 
planar microcavity. The epitaxial structures provide strong optical confinement in the growth 
direction by distributed Bragg reflectors (DBRs) composed of 15 and 25 periods of GaAs and 
AlAs layers in the top and bottom mirrors, respectively, surrounding a GaAs cavity. 
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The substrate was mechanically lapped down to a thickness of approximately 30 μm. 
Afterwards, an epoxy-based photoresist (SU8) was used to bond the sample to a 300 μm-
thick  [Pb(Mg1/3Nb2/3)O3]0.72[PbTiO3]0.28 (PMNPT) substrate side coated with chromium/gold 
contacts27. As a result, a device consisting of approximately 25 μm GaAs substrate and the 
planar microcavity with QDs attached to the piezoelectric actuator has been obtained. In the 
next steps, high-resolution electron beam lithography and a subsequent lift-off process were 
used to define the micropillars. The pattern was transferred to the sample using Reactive Ion 
Etching with an Ar/Cl2 plasma. The etch depth of the micropillars was carefully adjusted, such 
that only the top DBR mirrors, the cavity region and finally two to four bottom DBR mirror 
pairs were etched. In Figure 1(a) we depict an artistic sketch of the device. A scanning electron 
microscope (SEM) image showing an exemplary etched micropillar with a diameter d of about 
2.5 μm and a height of about 2.6 μm is presented in the inset of Fig. 1(b). As the last step, 
planarization using benzocyclobutene (BCB) polymer was performed to mechanically stabilize 
the pillars and protect the etched sidewalls from oxidation. The final devices were mounted 
onto an AlN chip carrier, providing heat transfer and electrical contacts to the piezoelectric 
actuator via wire bonding. 
 
 
RESULTS AND DISCUSSION 
Our micropillar devices were characterized by means of micro-photoluminescence (μPL) 
spectroscopy at a nominal temperature of around 4.5 K. For all experiments, the QDs were 
excited optically through a microscope objective with a numerical aperture (NA) of 0.4. The 
signal emitted from the sample was collected by the same objective, then introduced into a 
single mode optical fiber and finally analyzed by a 0.75 m focal length monochromator 
equipped with a liquid-nitrogen-cooled silicon CCD detector. For resonance fluorescence 
experiments, the cross-polarization configuration was used and the QDs were excited by a 
tunable 2 ps pulsed laser with 82 MHz repetition rate. For time-resolved experiments, we 
utilized a fast avalanche photo-diode (APD) with 40 ps time-resolution. Second-order photon 
correlation measurements were performed in a Hanbury Brown and Twiss configuration by 
utilizing a fiber-based beam splitter and a pair of single photon counting APDs with 350 ps 
resolution. The photon correlation and time-resolved emission events were acquired by a 
multichannel picosecond event timer. 
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The μPL spectrum recorded under non-resonant cw excitation (532 nm laser line) for device 
#1 with a 2.5 μm-diameter micropillar is shown in Fig. 1(b). Several sharp peaks stemming 
from the emission from QDs and a wider peak which can be assigned to the fundamental 
cavity mode are observed. The optical cavity mode peak centered 1.365 eV energy is 
characterized by a full-width at half-maximum (FWHM) of 327 μeV, corresponding to a quality 
factor Q of 3660. We note that for micropillars with similar diameters, which were etched 
through the whole bottom DBR mirror, we would expect an increase of the maximally 
obtainable Q factors by approximately a factor of two. However, etching the full structure 
would strongly limit the amount of strain transferred from the substrate to the QDs. To study 
how the etching depth influences the Purcell factor obtainable in our micropillars, we have 
performed numerical simulations using a Fourier Modal Method41 of the Purcell factor as a 
function of the number of etched bottom DBR layer pairs and pillar diameter. Indeed, the 
reduction of the quality factor, in combination with increased mode volumes, yield a 
reduction of the maximally achievable Purcell factors, as displayed in Fig. 1(c). A pillar 
diameter in the range of 2-3 µm42,43 is preferred to ensure a narrow beam divergence and a 
high collection efficiency. In this diameter range, a good compromise is obtained for a 2-4 of 
etched DBR layer pairs for which the Purcell factor is only slightly reduced.  
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FIG. 1. (a) Artistic sketch of a QD-micropillar cavity integrated with the piezoelectric substrate. 
(b) Micro-photoluminescence spectrum of a micropillar cavity with embedded QDs (at a temperature 
of 4.5 K). Visible are the microcavity fundamental mode and QD emission lines. The microcavity 
exhibits a quality factor of around Q = 3660. Inset: SEM image of the studied micropillar cavity (before 
planarization) with a diameter of d=2.5 μm. (c) Numerical simulations of the Purcell factor as a 
function of pillar diameter d and numbers of bottom DBR etched layer pairs. (d) Numerical simulations 
of the extraction efficiency as a function of pillar diameter d and numbers of bottom DBR etched layer 
pairs for 0.4 NA and 0.8 NA collection optics. 
 
Numerical simulations of the collection efficiency of our devices, assuming a numerical 
aperture of 0.4 and 0.8, as a function of the number of etched bottom DBR layer pairs and 
pillar diameter have been performed using a Fourier modal method41 and are presented in 
Fig. 1(d). For shallow etched micropillars, the efficiency as well as the Purcell factor are slightly 
reduced by around 10-40%, in comparison to a fully etched micropillar resonator, depending 
on the number of the etched DBR mirrors. For the case of four etched DBR layers underneath 
the cavity, one can expect extraction efficiencies up to 73% (77%) for micropillars with 
dimeters of 2-3 µm and 0.4 (0.8) NA collection optics. Figure 2 depicts the QD emission 
tunability of the device #1 as a function of the voltage applied to the PMNPT. The PMNPT was 
poled such that a positive (negative) voltage leads to in-plane compression (expansion) of the 
substrate and thus of the micropillars. Figure 2(a) shows a color-coded µPL spectral intensity 
map (logarithmic scale) recorded for QDs located in device #1 as a function of the voltage 
applied to the piezo substrate. The applied voltage was swept in the range from −350 V to 
450 V, ramped in steps of 5 V. As expected34, the compressive (tensile) biaxial strain results in 
an increase (decrease) of the QD emission energy. A statistical analysis carried out on more 
than 100 QDs yielded, that the emission energy of the majority of the QDs placed within the 
same micropillar show very similar tuning range and the ratio (within a 15 % margin).  On the 
other hand, the cavity mode is rather insensitive to the applied strain, and shift only 30 μeV. 
This particular feature, which has been already observed and explained for QD in planar 
cavities28, gives us the possibility to design a cavity for a specific wavelength and use strain to 
tune the QD emission through the cavity mode.  In Figure 2(b), we display a zoom on one QD 
emission line in the close spectral vicinity of the microcavity mode (plotted in linear color 
scale). As we apply external stress to our system, we can spectrally tune this QD through the 
cavity mode and observe a strong enhancement of the QD emission at spectral resonance 
with the cavity mode. 
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The relation between the QD emission energy and the applied electric field to piezo is plotted 
in Fig. 2(c). We extract an overall tuning range of 745 μeV (0.49 nm) over an electric field 
modification of 27 kV/cm. A linear relationship between these two parameters is clearly 
observed with a strain-tuning slope of 0.93 μeV/V. We note that there exists a trade-off 
between the Q factor of the cavity and the obtainable tuning range. The tuning range of our 
device is increased by reducing the number of etched mirror pairs in the bottom DBR at the 
price of a reduction of the obtainable Q factor and thus, the Purcell factor. For deeply etched 
devices, we anticipate that strain relaxation in the bottom DBR section limits the obtainable 
tuning range. Therefore, etching a few bottom DBR pairs seems to be the optimal choice for 
strain-tunability of QD emission lines and Q factor, as discussed in more detail below. 
 
 
FIG. 2. (a and b) Color-coded µPL intensity spectral maps of the QDs emission as a function of the 
electric field applied to the piezo substrate. (a) Broadband μPL emission map of several QDs located 
in one micropillar cavity (logarithmic intensity scale). Most of the emission lines follow the same 
spectral shift. (b) Zoom into the μPL intensity map in the area of the fundamental cavity mode (linear 
intensity scale). A strong enhancement of the emission due to the Purcell effect at spectral resonance 
is observed. (c) QD emission energy as a function of applied piezo-voltage. The application of external 
stress via the piezocrystal induces a linear shift of the QD emission energy up to 0.75 meV 
(0.93 μeV/V).  
 
For further studies, we investigated a similar device (micropillar #2) with a diameter of d = 
2.8 μm with four etched bottom DBR pairs and a slightly improved cavity quality factor of Q = 
4388. For this device, a theoretical analysis shows that the attainable value of the Purcell 
factor is around 7. In this case, the QD emission at 4.5 K is slightly red detuned from the 
fundamental cavity mode resonance (180 μeV) and thus cannot be brought into resonance 
by increasing the temperature. Yet, by applying a positive piezo-voltage to our system, it is 
possible to tune the QD almost completely into the cavity resonance as depicted in Fig. 3(a). 
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In the inset of Fig. 3(a), the color-coded µPL intensity map of the QD emission as a function of 
applied voltage is shown. As the applied positive piezo-voltage is increased, the QD lines blue-
shift (120 μeV for 13.4 kV/cm), and can be tuned into resonance with the cavity mode. At the 
same time, we observe a significant increase of the QD emission intensity, indicating the 
spontaneous emission enhancement due to the Purcell effect. 
 
FIG. 3. (a) Micro-photoluminescence spectrum of a micropillar #2 for positive and negative applied 
voltages resulting in different energy detuning Δ of QD emission from the cavity mode. By applying a 
positive piezo-voltage, the QD emission can be tuned into resonance with the microcavity 
fundamental mode. Inset: Color-coded µPL intensity map of the QD emission as a function of the 
voltage applied to the piezo substrate. A strong emission enhancement at spectral resonance due to 
the Purcell effect is observed. (b) Time-resolved resonance fluorescence measurements of the strain-
tunable single-photon source. Resonance fluorescence time-traces of the QD emission almost at 
spectral resonance with the fundamental cavity mode (67 μeV detuning) and (c) detuned by 490 μeV. 
Red lines indicate the double exponential fit, where a fast decay corresponds to the QD emission into 
the micropillar fundamental mode. (d) Resonance fluorescence decay time (fast component) as a 
function of QD-cavity-resonance detuning. Black points are recorded at 4.5 K temperature and various 
piezo-voltages; color points are recorded under varied temperatures. The red solid line is a fit to the 
QD lifetime vs QD-cavity detuning. A maximum Purcell factor of 4.4±0.7 has been extracted from a 
fitting procedure. 
 
To estimate the Purcell enhancement factor for a device #2, we performed time-resolved 
resonance fluorescence measurements. For that purpose, the QD has been gradually tuned 
into resonance and out of resonance with the fundamental cavity mode using a combination 
of piezo- and temperature-tuning. A PL decay curve recorded for the QD emission almost 
perfectly tuned into cavity mode resonance (67 μeV detuning) is presented in Fig. 3(b). The 
recorded emission time-trace exhibits a two-component exponential decay. We associate the 
fast decay with the Purcell-enhanced spontaneous emission of the QD state into the 
fundamental cavity mode, while the slower component is interpreted as the cavity mode 
emission fed by other QD transitions, which are detuned from the mode resonance44,45. Our 
experimental data have been fitted using a double exponential function indicated in the graph 
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by a red solid line. Upon the fitting procedure, the characteristic decay time τ1 = 133 ps is 
extracted for the fast component. Figure 3(c) shows the time-resolved resonance 
fluorescence measurement for the QD detuned from the cavity mode by 490 μeV. As in the 
previous case, we observe the double exponential decay, with the faster decay time equal to 
around 495 ps. This observation proves that our QD-micropillar device indeed exhibits Purcell 
enhancement. To quantify more precisely the Purcell enhancement, the decay time traces 
have been recorded for several different voltages applied to the piezo substrate at a 
temperature of 4.5 K and two additional measurements performed at temperatures of 6.5 K 
and 8 K (to enable slightly larger detunings). The extracted characteristic emission times τ1 
were then plotted as a function of the emitter-cavity detuning in Fig. 3(d). 
This analysis enables us to accurately determine the Purcell factor of our QD-cavity device by 
fitting the decay time 𝜏 as a function of the detuning Δ via46 
𝜏(𝛥) =
𝐹𝑃(max)
𝐹𝑃(max)𝛿 + 1
⋅
ℏ𝜖0𝑉𝑚
2𝑄𝜇12
2  
where 𝐹𝑃(max) =
3𝑄(𝜆/𝑛)3
4𝜋2𝑉𝑚
 is the maximal Purcell factor, 𝛿 = 𝜉2 ⋅
Δ𝜔𝑐
2
4(Δ2)+Δ𝜔𝑐
2 
, 𝜉 represents the 
orientation mismatch between the local cavity field and the dipole moment of the QD, and 
Δ𝜔𝑐 is the linewidth of the cavity mode. μ12 is the dipole moment of the radiative transition 
and Q and Vm are the quality factor and the mode volume of the cavity mode, respectively. 
The analysis yields a Purcell factor of 4.4±0.7, which is in qualitative agreement with the 
Purcell-factor derived for a shallow etched pillar microcavity as it is depicted in Fig. 1(c). In 
order to estimate the brightness of our experimentally investigated micropillar device, we 
calculated the beta factor 𝛽, which describes the emitter coupling efficiency into the pillar 
cavity mode. Following the formula 𝛽 = 𝐹𝑃 (𝐹𝑃 + 1)⁄  for Purcell factor 𝐹𝑃 equal to 4.4±0.7, we 
estimated that 𝛽 ≈ 80%. 
 
In Figure 4(a), we plot the power dependency of our pulsed resonance fluorescence signal, 
measured for QD-cavity detuning of Δ = 180 μeV. A clear oscillatory behavior is observed, 
which is a hallmark of the damped Rabi oscillations of a coherently driven two-level system47. 
The resonance fluorescence intensity reaches a maximum for the laser power of 223 nW, 
corresponding to a π–pulse, where the system reaches inversion. The red solid line is a fit 
using a damped Rabi rotation model25. Within this approximation, the dominant phonon 
coupling effects are captured by a temperature-dependent Rabi frequency renormalization. 
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Under these conditions, we confirm the single-photon character of the generated resonance 
fluorescence photons in a second-order correlation experiment. In Figure 4(b), we plot the 
normalized second-order correlation function g(2)(τ) histogram recorded for the considered 
QD transition as a function of delay time between subsequently emitted photons. The central 
peak is strongly suppressed, a core signature of a single photon source. In order to derive the 
purity of the source, we divide the integrated counts of the central peak by the mean value 
of the adjacent set of peaks, yielding a g(2)(0) value of 0.07±0.02. 
 
 
FIG. 4. (a) Resonance fluorescence intensity plotted versus the square root of the excitation power, 
recorded for QD-cavity detuning of Δ = 180 μeV. The red solid line is a fit using a damped Rabi rotation 
model. (b) Second-order autocorrelation histogram as a function of delay time between subsequently 
emitted photons recorded under pulsed s-shell resonant excitation with a π-pulse area (223 nW). The 
red solid line is a two-sided exponential decay fit. 
 
In summary, we have realized a strain-tunable single-photon source by integrating a QD-pillar 
microcavity onto a piezoelectric substrate. We apply external stress to induce a linear shift of 
the QD emission energy (0.75 meV for 27 kV/cm), which is sufficiently large to tune QDs 
through the spectral resonances of our pillar cavity. We used a partially etched pillar 
geometry that allows achieving an optimal trade-off between spontaneous emission 
enhancement and the transfer of strain from the piezoelectric substrate. Using this approach, 
we demonstrated that it is possible to tune the QD emission energy in resonance with the 
cavity mode and obtain an appreciable Purcell enhancement factor of around 4.4, despite the 
quality factor being limited to ~4500. Further development of the tuning capabilities could be 
realized following one of two approaches: (i) application of more advanced planarization 
schemes40 to increase strain transfer from substrate to layer containing QDs, (ii) using more 
powerful piezo substrates such as a micromachined ones33,48, where much higher strain could 
be potentially achieved, and thus lead into increase of spectral tuning range. Under resonant 
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pulsed excitation conditions, we demonstrated that our device maintains high purity single-
photon generation with g(2)(0) = 0.07±0.02. The presented platform makes it possible to fully 
exploit the advantages of the micropillar structure, with extraction efficiencies up to 73% 
(77%) for micropillars with dimeters of 2-3 µm. Due to the applied resonant excitation 
scheme, the time uncertainty of the exciton creation has been most likely eliminated6,18 so 
that our source may be useful for linear optical quantum computing protocols, where a high 
degree of photon indistinguishability is demanded. Spectral tuning capabilities of our single 
photon source pave the way towards the scalable quantum photonic architectures, where 
multiple single photon sources need to be engineered and tuned into a common energy 
resonance.  
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